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input and an output without use of a transformer and/or (ii) a
single high voltage controllable switch within the resonant
tank.
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1
DC-DC CONVERTER CIRCUIT FOR HIGH
INPUT-TO-OUTPUT VOLTAGE CONVERSION

FIELD OF THE INVENTION

This present invention relates generally to a power convert-
ing apparatus, and more specifically to a DC-DC converter for
high input-to-output voltage conversion.

BACKGROUND TO THE INVENTION

Direct current (DC) architectures are well known, for
example for the transmission and distribution of power. DC
architectures generally provide efficient (low loss) distribu-
tion of electrical power relative to alternating current (AC)
architectures.

The importance of DC architectures has increased because
of factors including: (1) the reliance of computing and tele-
communications equipment on DC input power; (2) the reli-
ance of variable speed AC and DC drives on DC input power;
and (3) the production of DC power by various renewable
energy sources, such as photovoltaic solar panels.

The widespread use of DC architectures has also expanded
the need for DC-DC power converter circuits. Moreover,
there is a further need for DC-DC power converter circuits
that are efficient and low cost.

Cost reduction is achieved in part by reducing the compo-
nents of DC-DC power converters, for example by providing
transformerless DC-DC converters. Two of the most common
transformerless dc/dc converters are the buck converter 10, as
shown in FIG. 1, for stepping down the voltage, and the boost
converter 12, as shown in FIG. 2, for stepping up the voltage.

While both of these circuits are capable of achieving very
high conversion efficiency when the input-to-output voltage
ratio is near unity, their efficiency is less than optimal when
the voltage ratio becomes high. Loss of efficiency, along with
other operational problems, are caused by circuit parasitics,
including such circuit effects as diode forward voltage drop,
switch and diode conduction losses, switching losses, switch
capacitances, inductor winding capacitance, and lead and
trace inductances.

Furthermore, it is known in the prior art that boost convert-
ers in particular are susceptible to parasitic effects and high
efficiency operation requires low step up ratios, e.g. 1:2 or
1:3. Higher step up ratios such as in the range of 1:10 or above
are entirely impractical in light of cost and efficiency con-
straints, for example, as explained in N. Mohan, T. Undeland,
W. Robbins, “Power electronics: converters, applications,
and design,” Wiley, 1995.

B. Buti, P. Bartal, . Nagy, “Resonant boost converter oper-
ating above its resonant frequency,” EPE, Dresden, 2005, is
an example of a resonant DC-DC power converter, where a
resonant tank is excited at its resonant frequency to achieve
high step-up/step-down conversion ratios without the use of
transformers. An H-bridge based resonant DC-DC power
converter was proposed by (D. Jovcic, “Step-up MW de-de
converter for MW size applications,” Institute of Engineering
Technology, paper IET-2009-407) and modified for enhanced
modularity by A. Abbas and P. Lehn (A. Abbas, P. Lehn,
“Power electronic circuits for high voltage dc to dc convert-
ers,;”  University of Toronto, Invention disclosure
RIS#10001913, 2009-03-31).

There are a number of disadvantages to these prior art
topologies.

The converter disclosed in B. Buti, P. Bartal, I. Nagy,
“Resonant boost converter operating above its resonant fre-
quency,” EPE, Dresden, 2005, requires two perfectly, or near

10

40

45

2

to perfectly, matched inductors, each only utilized half of the
time, to function properly. Perfect matching is not viable in
many applications. Moreover, the fact that the inductor is only
utilized half of the time effectively doubles the inductive
requirements of the circuit. This is undesirable as the inductor
is typically the single most expensive component in the power
circuit. Furthermore, the converter in B. Buti, P. Bartal, 1.
Nagy, “Resonant boost converter operating above its resonant
frequency,” EPE, Dresden, 2005, requires both a positive and
negative input supply. This is often not available.

The converters disclosed in D. Jovcic, “Step-up MW dc-dc
converter for MW size applications,” Institute of Engineering
Technology, paper IET-2009-407, and A. Abbas, P. Lehn,
“Power electronic circuits for high voltage dc to dc convert-
ers,;”  University of Toronto, Invention disclosure
RIS#10001913, 2009-03-31, use four high voltage reverse
blocking switching devices. For medium frequency applica-
tions (approx. 20 kHz-100 kHz) such devices are not readily
available thus they need to be created out of a series combi-
nation of an insulated-gate bipolar transistor (“IGBT”) and a
diode, or a MOSFET and a diode. This not only further
increases system cost but it also nearly doubles the device
conduction losses of the converter.

SUMMARY OF INVENTION

In one aspect the present invention is a resonant dc-dc
converter for high voltage step-up ratio, characterized in that
the resonant de-de converter for high voltage step-up ratio
comprises: a low voltage full-bridge or half-bridge dc-ac
converter; a resonant tank; a high voltage ac-dc rectifier; and
a high voltage controllable switch within the resonant tank,
said high voltage controllable switch being operable to inter-
rupt current in the resonant tank by maintaining a high voltage
across the switch.

In another aspect the present invention is a resonant dc-dc
converter for high voltage step-up ratio, characterized in that
the resonant de-de converter for high voltage step-up ratio
comprises: a low voltage dc-ac converter; a resonant tank; a
high voltage ac-dc converter; and one or more of the follow-
ing: a common ground on an input and an output without use
of'a transformer; and a single high voltage controllable switch
within the resonant tank.

In yet another aspect the present invention is a resonant
dc-de converter for high voltage step-up ratio, characterized
in that the resonant de-dc converter for high voltage step-up
ratio comprises: a low voltage dc-ac converter; a resonant
tank; a high voltage ac-dc converter; and a high voltage con-
trollable switch within the resonant tank circuit; wherein the
resonant dc-dc converter for high voltage step-up radio is
operable to provide one or more of the following: (i) a com-
mon ground plane for input and output; and (ii) a transformer
between input and output.

In still another aspect the present invention is a resonant
dc-de converter for high voltage step-up ratio, characterized
in that the resonant de-dc converter for high voltage step-up
ratio comprises: a low voltage dc-ac converter; a resonant
tank; a high voltage ac-dc converter; a high voltage control-
lable switch within a circuit of the resonant tank; and a com-
mon ground plane for an input and output that does not
require use of a transformer.

In another aspect the present invention is a resonant DC-
DC converter, characterized in that the resonant DC-DC con-
verter comprises: a transformerless DC-DC converter circuit
being operable to provide high input to output voltage con-
version, said transformerless DC-DC converter circuit
including: a full-bridge converter on a low voltage side; a
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half-wave rectifier on a high voltage side; and a ground that is
common to both input and output.

In still another aspect the present invention is a DC-DC
converter with a transformer, characterized in that the DC-DC
converter with a transformer comprises: a resonant tank; a
high voltage switch, operable with a circuit of the DC-DC
converter with a transformer to perform high voltage block-
ing of resonance by maintaining high voltage switch across
the high voltage switch without reverse blocking; a full-
bridge converter on a low voltage side; and an output rectifier
on a high voltage side.

In another aspect the present invention is a resonant DC-
DC step-up converter with a transformer that provides bi-
polar output, characterized in that the DC-DC step-up con-
verter comprises: a high voltage winding on the transformer;
two half-wave rectifiers including the following: a first half-
wave rectifier operable to supply current to a positive output
voltage terminal; and a second half-wave rectifier operable to
draw current from a negative output voltage terminal.

In yet another aspect the present invention is a resonant
dc-de converter provided for high voltage step-up ratio that
comprises: (a) a low voltage dc-ac converter, (b) a resonant
tank, (c) a high voltage ac-dc converter, and (d) a single high
voltage controllable switch within the resonant tank. In
embodiments of the present invention the single high voltage
controllable switch may be two parallel MOSFETS, or a
series of MOSFETS, operating in unison.

The converter circuit may be implemented without use of a
transformer. The transformer may be included if desired and/
or in accordance with system requirements. For example a
need for galvanic isolation could be addressed through the use
of a transformer.

In another aspect the present invention is a resonant DC-
DC converter comprising: a DC-DC converter circuit without
a transformer that includes: (a) a full-bridge dc-ac converter
on the low voltage side; (b) a half bridge ac-dc converter on
the high voltage side; and (¢) a ground that is common to both
the input and the output, the converter circuit being operable
to provide high input to output voltage conversion.

In yet another aspect of the invention, a resonant DC-DC
converter circuit is provided comprising: a DC-DC converter
circuit with a transformer that includes: (a) a full-bridge or
half-bridge dc-ac converter on the low voltage side; (b) an
ac-dc rectifier on the high voltage side; (c) a resonant tank;
and (d) a high voltage switch that interrupts the main resonant
tank current, the converter circuit being operable to enable the
high voltage switch to perform high voltage blocking by the
high voltage being maintained across the high voltage switch,
with or without use of reverse blocking switch.

In this respect, before explaining at least one embodiment
of the invention in detail, it is to be understood that the
invention is not limited in its application to the details of
construction and to the arrangements of the components set
forth in the following description or illustrated in the draw-
ings. The invention is capable of other embodiments and of
being practiced and carried out in various ways. Also, it is to
be understood that the phraseology and terminology
employed herein are for the purpose of description and should
not be regarded as limiting.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be better understood and objects of the
invention will become apparent when consideration is given
to the following detailed description thereof. Such descrip-
tion makes reference to the annexed drawings wherein:
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FIG. 1 is a circuit diagram illustrating a prior art buck
converter.

FIG. 2 is a circuit diagram illustrating a prior art boost
converter.

FIGS. 3a, 3b and 3c illustrate three representative imple-
mentations of the half-bridge resonant DC-DC converter of
the present invention, having a single high voltage switch.

FIG. 4 is a circuit diagram illustrates an implementation of
a full-bridge resonant DC-DC converter of the present inven-
tion, with a single high voltage switch.

FIGS. 5a,5b, 5¢ and 5d illustrate four representative imple-
mentations of the full-bridge resonant DC-DC converter of
the present invention, having a single high voltage switch and
a common ground on the input and the output.

FIG. 6 is a specific implementation of the half-bride reso-
nant DC-DC converter of FIG. 3a using a combination of
MOSFET and IGBT switches.

FIG. 7 illustrates the voltage and current waveforms asso-
ciated in operation with the circuit of FIG. 6.

FIG. 8 is a specific implementation of the full-bridge reso-
nant DC-DC converter of FIG. 5a using a combination of
MOSFET and IGBT switches, with the addition of a snubber
diode.

FIG. 9 illustrates the voltage and current waveforms asso-
ciated in operation with the circuit of FIG. 8.

FIGS. 10a and 105 are circuit diagrams illustrating alter-
nate implementations of the full-bridge resonant DC-DC con-
verter of the present invention, with a common ground for the
input and the output, but without a high voltage switch.

FIGS. 11qa, 115 and 11c¢ illustrate the three representative
circuits of an alternate implementation of the circuit design of
the present invention that include transformer.

FIG. 12 is the implementation of FIG. 11d, using MOSFET
switches, with the addition of a snubber diode.

FIG. 13 illustrates the voltage and current waveforms asso-
ciated in operation with the circuit of FIG. 12.

In the drawings, embodiments of the invention are illus-
trated by way of example. It is to be expressly understood that
the description and drawings are only for the purpose of
illustration and as an aid to understanding, and are not
intended as a definition of the limits of the invention.

DETAILED DESCRIPTION

The invention is a resonant converter circuit design oper-
able to achieve high input-to-output voltage conversion. In
particular the invention may include a series of converter
circuit topologies that provide high input-to-output voltage
conversion and achieve high efficiency operation. The con-
verter circuit topologies may include a resonant tank and a
means for interrupting the tank current to produce a near
zero-loss “hold” state wherein zero current and/or zero volt-
age switching is provided, while providing control over the
amount of power transfer. Specifically the converter circuit
topologies may control energy transfer by controlling the
duration of the near zero-loss “hold”. This energy power
transfer control may be achieved using a single high voltage
controllable switch.

The present invention may avoid unnecessary circulating
current during low power operation, thereby reducing losses
within the tank components and the low voltage DC/AC
converter, and also reducing switching losses based on the
zero voltage switching of the low voltage DC/AC converter
and zero current switching of the low voltage DC/AC con-
verter. Also, zero current switching of the high voltage con-
trollable switch within the tank may be achieved and thereby
keep its own switching losses low.
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As described herein, the present invention may have sev-
eral embodiments that present converter circuit topologies
that provide high input-to-output voltage conversion and
achieve high efficiency operation. Examples of these embodi-
ments are disclosed herein, however a skilled reader will
recognize that these examples do not limit the scope of the
present invention and that other embodiments of the present
invention may also be possible.

For clarity, the term “low voltage” is used in this disclosure
to refer to components with voltage ratings comparable to that
of the input, and the term “high voltage” is used in this
disclosure to refer to components with voltage rating compa-
rable to, or above, the peak voltage level seen across the
resonant tank capacitor.

In embodiments of the present invention, appropriate
implementation of the near zero-loss hold state, may cause
zero voltage switching or zero current switching to be
achieved for all controllable switches within the circuit.

Embodiments of the present invention may provide a lower
loss converter circuit for high input-to-output voltage conver-
sion ratio converters.

The circuit design of the present invention may include a
variety of elements. In one embodiment these elements may
include: (1) an input DC/AC converter; (2) a resonant tank;
(3) a tank interruption means (such as a switch as described
herein); and (4) an output rectifier. The output rectifier may,
for example, include a filter inductor that limits the rate of rise
of current in the output diode. Regarding the input DC/AC, a
skilled reader will recognize that a number of different types
of inverters may be suitable, for example, such as a half-
bridge or full-bridge type inverter. A skilled reader will fur-
ther recognize that the output rectifier may include any output
rectifier stage, for example, such as a half-bridge or full-
bridge rectifier. In some embodiments of the present inven-
tion, a transformer may be included in the circuit, prior to the
output rectification stage.

In one embodiment of the present invention, the circuit
design may be a circuit that includes: (1) a full-bridge DC/AC
converter; (2) aresonant tank consisting of two . components
and one C component; (3) a tank interruption switch; and (4)
an output rectifier stage (full-bridge or half-bridge), wherein
a common ground may be provided for both the input voltage
and the output voltage. The circuit may, or may not, include a
transformer. In an embodiment of the present invention
wherein a full-bridge output rectifier is utilized a transformer
may also be required. In an embodiment of the present inven-
tion that includes a transformer, the resonant [. components
may be integrated into the transformer design. Possible
embodiments of the present invention that include such a
circuit design are shown in FIGS. 5a to 5d.

As described herein, and as a skilled reader will recognize,
embodiments of the present invention may include a trans-
former, or may be transformerless. The choice to include a
transformer in an embodiment of the present invention may
be based on specifications of the circuit of the embodiment of
the present invention, or other preferences or considerations.
This document discloses and describes some examples of
both: embodiments of the present invention that include a
transformer element; and embodiments of the present inven-
tion that do not include a transformer element, and therefore
are transformerless.

FIGS. 11a, 115 and 11¢ show embodiments of the present
invention that are circuits 42, 44 and 46 respectively, that
include an alternate implementation, wherein additional
windings were added to the main inductor’s magnetic core
thus decreasing the voltage stress on switch Sx. The addition
of windings may convert the inductor L into a transformer
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with isolation, which provides additional circuit implemen-
tation options. The embodiment of the present invention
shown in FIG. 11¢ may provide bipolar output to allow a
differential output voltage of 2xV2 to be achieved while
maintaining a voltage to ground at level V2.

As shown in FIG. 12, a circuit 48 may be one practical
implementation of the circuit shown in FIG. 11c¢. The trans-
former magnetizing branch may provide the main resonant
tank inductance “L”. Through appropriate transformer
design, the filter inductance “Lf” may also be integrated into
the transformer. This may be done by designing the trans-
former to have leakage inductance of value “Lf”. As shown in
FIG. 12 all switches may be implemented using MOSFETs. A
snubber circuit may be employed to limit the transient voltage
across the high voltage MOSFET at the end of the conduction
period. Provided the voltage V2 is lower than the voltage
rating of the high voltage MOSFET, the snubber may consist
of a single diode from the drain of the MOSFET to the
positive output V2. This may allow energy normally lost in
snubber circuitry to be transferred to the output, thereby
yielding a near lossless snubber. This may improve overall
converter efficiency.

As shown in FIG. 13, embodiments of the present invention
may produce particular results 50 that include gating signals
for the converter of FIG. 12, together with the important
voltage and current waveforms. The following is a description
of a possible switching cycle method:

1. Attime 0.900 ms the cycle may begins with the turn of on
of switches S1, S2p and Sx. Thereafter energy may be
transferred into the resonant tank as seen by the positive
voltage Vin and positive tank input current I1.

2. When the tank current I1 reaches zero switches S1 and
S2p may turn off, almost immediately after which
switches S2 and S1p may turn on. This may cause the
input voltage polarity to become negative at the same
time that the current becomes negative.

3. Switch Sx may turn off at the same time as S1 and S2p,
though the MOSFET body diode may allow conduction
of the negative current. If losses in the MOSFET con-
duction channel are calculated to be lower than body
diode conduction losses, then the MOSFET should be
kept on for the duration of the negative current pulse to
reduce conduction losses.

4. When the current reaches zero the switch Sx must be off.
This may interrupt the tank current and allow the circuit
to enter a near zero loss “hold state” where the converter
operation is suspended and held in a near lossless state.

5. The duration of the hold state may be varied to control
the amount of average power transfer from input to
output. Following the hold state another similar cycle of
operation may follow.

Transfer of power from the resonant tank to the output may
occur twice per period, once to the positive dc output, once to
the negative dc output. Power transfer to the positive output
may take place immediately after the turn on of switches S1
and S2p. Power transfer to the negative output may take place
immediately after the turn on of switches S2 and S1p.

In one embodiment of the present invention, a circuit may
be provided consisting of a DC-AC converter followed by a
(parallel) resonant tank with single controllable high voltage
switch, followed by an AC-DC converter.

Embodiments of the present invention that includes the
proposed “half-bridge floating tank™ resonant DC-DC con-
verter configuration, are shown in FIGS. 3a, 36 and 3c in three
specific representative implementations. The embodiment of
the present invention shown in FIG. 3a, may be a circuit 14
that does not include an output filter inductor. FIG. 3a illus-
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trates the basic circuit design concept of the present invention,
and presents a half-bridge floating tank converter in accor-
dance with the present invention. The embodiment of the
present invention shown in FIG. 36 may be a circuit 16 that
includes an output filter inductor. For most implementations
of'the invention, it is a practical requirement to include a filter
inductor. Generally speaking, there are two locations where it
is convenient to add the filter inductor. The first is illustrated
in FIG. 35. The second is shown in FIG. 3¢, which shows an
embodiment of the present invention that may be a circuit 18
that includes a filter inductor integrated in the tank.

As shown in FIG. 4, in one embodiment of the present
invention the circuit 20 may be a “full-bridge floating tank”
configuration of the circuit design illustrated in FIGS. 3a, 35,
and 3c¢. FIG. 4 may be extension of the converter illustrated in
FIGS. 3a, 36 and 3c. A skilled reader will recognize that the
circuit 20 shown in FIG. 4, relative to the circuits 22, 24, and
26 shown in FIGS. 5a, 56, 5¢, and 5d respectively, for
example, may lack a common ground on the input and the
output and therefore may be undesirable for many transfor-
merless applications. In embodiments of the present inven-
tion an isolation transformer may be added between the
capacitor and the diode rectifier, to allow grounding of both
the input and output voltage sources.

Embodiments of the present invention, as shown in FIGS.
5a, 5b, 5¢ and 5d, may represent variants of the full-bridge
resonant DC-DC converter of the present invention, and may
include a single high voltage switch, and a common ground
for the input and the output. More specifically: the embodi-
ment of the present invention shown in FIG. 5a, may be a
circuit 22 wherein the inductor current may be switched by
the single high voltage switch (Sx); the embodiment of the
present invention shown in FIG. 5b, may be a circuit 24
wherein the capacitor current may be switched by the single
high voltage switch (Sx); the embodiment of the present
invention shown in FIG. 5¢, may be a circuit 26 that is similar
to the circuit 22 shown in FIG. 5a, and the circuit 26 shown in
FIG. 5¢ may include an inductor current that may be switched
by Sx and the filter inductor may be integrated into the tank;
and the embodiment of the present invention shown in FIG.
5d, may be similar a circuit 28 that is similar to the circuit 24
shown in FIG. 554, and the circuit 28 shown in FIG. 54 may
include a capacitor current that may be switched by Sx and the
filter inductor may be integrated into the tank.

It should be understood that the DC-DC converter of the
present invention as shown in FIGS. 5a, 56, 5¢ and 54, relative
to prior art full-bridge extensions of half-bridge circuits, may
display a significant degree of asymmetry. In particular the
asymmetry may be displayed in that the grounding is asym-
metric, the input switch configuration is asymmetric, and the
output stage is asymmetric.

A skilled reader will recognize that other variants and
embodiment of the present invention are possible. For
example an embodiment of the present invention may use
emerging reverse block IGBT devices, in which case Sx may
be eliminated, but S1 and S2 may each need to consist of a
high voltage reverse blocking IGBT. Such an embodiment of
the present invention may yield precisely the same voltage
and current waveforms within the tank and output circuitry.
Numerous other variations are possible.

In an embodiment of the present invention, the circuit
design may be such that the high voltage switch needs not be
reverse blocking, and thus MOSFETs or IGBTs may be used
instead of, for example, thyrsitors (which limit switching
frequencies to excessively low values), or MOSFET-series-
diode/IGBT-series-diode combinations.
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Also, in embodiments of the present invention, the circuit
designs may use an electrically floating tank, as further
explained below.

Certain aspects of the invention are explained in greater
detail below, however these details should not be read as
limiting the scope of the invention in anyway, but as examples
of embodiments of the present invention.

The Half-Bridge Floating Tank Converter:

The half-bridge floating tank converter may be included in
embodiments of the present invention. In such an embodi-
ment of the present invention, the switching process may vary
slightly based on the type of switches used and the location/
orientation of the high voltage switch (Sx) within the tank
circuit. A description of a possible switching process to be
used in an embodiment of the present invention is provided
herein with reference to a topology 30 wherein S1 and S2 are
implemented using MOSFETS and Sx is implemented using
a high voltage IGBT, as shown in FIG. 6.

In one embodiment of the present invention, as shown in
FIG. 7, waveform results 32 of use of the embodiment may
show particular voltage and current waveforms associated
with a half-bridge floating tank converter. For example, the
converter may operate in a mode where the inductor current is
not continuously oscillating but is interrupted, once each
period, by the single high voltage switch, Sx.

An example of the operation of the circuit may be as
follows:

1. S1 and Sx may fire to begin one cycle of L.C resonant
oscillation. For the given orientation of the IGBT (Sx),
the initial condition on the capacitor voltage may be
approximately —V2.

2. Current I1 may be positive and input voltage Vin may be
positive for half a cycle, transferring energy into the
circuit.

3. Once Vceg reaches V2, the output diode conductors and
11 may be transferred to the output, accomplishing out-
put power transfer (the rapid rate of rise of the output
current may be reduced through introduction of an addi-
tional current-rate-of-change limiting inductor placed
either in series with the output diode or the tank capaci-
tor).

4. At zero crossing of the input current S1 may be turned off
and S2 may be turned on. The output diode may turn off
at this time and the IGBT reverse conducting diode may
turn on at this time. This allows the tank oscillation to
continue, thereby recharging the capacitor to —-V2, in
preparation for the next cycle.

5. When the current 11 attempts again to go positive, the
IGBT may be in an “off” state, thus interrupting the tank
oscillation at a current zero crossing.

6. The circuit may then ina ‘hold state’ until a new pulse of
energy is required.

The Full-Bridge Floating Tank Converter with Common
Ground

Embodiment of the present invention may include a full-
bridge floating tank converter with common ground. In such
embodiments of the present invention the switching process
may vary slightly based on the type of switches used and the
location/orientation of the high voltage switch (Sx) within the
tank circuit. One embodiment of the present invention include
a full-bridge floating tank converter with common ground
may include a topology 34 where the four switches S1, S1p,
S2 and S2p are implemented using MOSFETS and Sx is
implemented using a high voltage IGBT, as shown in FIG. 8.
In an embodiment of the present invention that includes a
full-bridge floating tank converter with common ground, a
snubber circuit may be employed to limit the transient voltage
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across the high voltage MOSFET at the end of the conduction
period. The snubber may consist of a single diode from the
collector of the IGBT to the output. This may allow energy
normally lost in snubber circuitry to be transferred to the
output, thereby yielding a near lossless snubber. Such
embodiments of the present invention may improve overall
converter efficiency.

In one embodiment of the present invention, as shown in
FIG. 9, waveform results 36 of use of the embodiment may
show particular voltage and current waveforms associated
with this a full-bridge floating tank converter with common
ground. The converter may operate in a mode where the
inductor current is not continuously oscillating but is inter-
rupted, once each period, by the single high voltage switch,
Sx.

An example of the operation of the circuit may be as
follows:

1. For the given orientation of the IGBT (Sx), S1, S2p and
Sx may fire to begin one cycle of LC resonant oscilla-
tion.

2. Current I1 may be positive and input voltage Vin may be
positive for half a cycle, transferring energy into the
circuit.

3. When 11 crosses zero S1, S2p may turn off and S2 and
S1p may turn on. Sometime during negative 11 the
switch Sx may be turned off losslessly since the current
is flowing in the anti-parallel diode.

4. When Vcg reaches V2 power may begin being trans-
ferred to the output. This may continue until the current 12
decays to zero.

5. Capacitor voltage may then be in a ‘hold state’ until a
new pulse of energy is required.

The Full-Bridge Converter with Common Ground and Sili-
con Carbide Devices

Embodiment of the present invention may include a full-
bridge floating tank converter with common ground that is
operable to transfer energy during both positive and negative
half cycles of the tank current, without use of a transformer,
while maintaining a common ground on input and output, as
required for many applications. The purpose of Sx in this
circuit may be to achieve zero current/zero voltage switching
while still offering control over the amount of power transfer.
Thus near zero switching loss may be achieved while simul-
taneously maintaining control over the amount of power
transfer.

As silicon carbide switching devices become more cost
effective it may eventually become worthwhile to eliminate
Sx. Nonetheless, a common ground arrangement capable of
transferring energy during both positive and negative half
cycles of the tank current may still be desired. The circuit
topologies 38 and 40 of FIGS. 10a and 105 accomplish this.
These topologies may be related to the circuit designs shown
in FIGS. 5a and 5c¢. As silicon carbide devices may offer
greatly reduced switching losses (esp. the elimination of
diode reverse recovery current), maintaining zero current/
zero voltage switching may be sacrificed without negatively
impacting efficiency. Power transfer may then be achieved via
frequency control, as is common in other resonant converters,
see: R. Erickson, D. Maksimovic, “Fundamentals of Power
Electronics,” Kluwer Academic Publishers, 2001.

The full-bridge converter with common ground may offers
important benefits compared to the conventional resonant
converters as outlined in R. Erickson, D. Maksimovic, “Fun-
damentals of Power Electronics,” Kluwer Academic Publish-
ers, 2001. Specifically the topology of an embodiment of the
present invention that includes a full-bridge converter with
common ground may offer common ground on input and
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output along with a high step-up ratio and may offer power
transfer into the tank during both positive and negative half
cycles of the tank current.

As examples of embodiments of the present invention and
the benefits that these offer over the prior art, benefits of
particular features of two principal circuit arrangements (a
half-bridge floating tank converter, and a full-bridge floating
tank converter with common ground) over the prior art are
described below. A skilled reader will recognize that the
features and benefits discussed below are merely provided as
examples, and other embodiments and benefits are also pos-
sible.

The Half-Bridge Floating Tank Converter:

Embodiments of the present invention that include a half-
bridge floating tank converter may offer particular benefits
over the prior art. Some of these benefits include the follow-
ing:

1. Incomparison to the circuit of A. Abbas, P. Lehn, “Power
electronic circuits for high voltage dc to dc converters,”
University of Toronto, Invention disclosure
RIS#10001913, 2009-03-31, or that of D. Jovcic, “Step-
up MW dc-dc converter for MW size applications,”
Institute of Engineering Technology, paper IET-2009-
407, the half-bridge circuits of the present invention may
only use one high voltage device, labelled: Sx. Further-
more Sx may not need to be a reverse blocking device.

2. A single high voltage switch may be operable in embodi-
ments of the present invention to interrupt the resonant
operation of the converter, thereby controlling energy
transfer.

3. S1 and S2 may be implemented in embodiments of the
present invention using only low voltage components,
reducing losses.

4. In comparison to the invention of B. Buti, P. Bartal, 1.
Nagy, “Resonant boost converter operating above its
resonant frequency,” EPE, Dresden, 2005, embodiments
ofthe present invention may only require a single source
and single tank inductor.

5. Embodiments of the present invention may provide zero
current/zero voltage switching of the input AC/DC con-
verter.

The Full-Bridge Floating Tank Converter with Common
Ground

Embodiments of the present invention that include a full-
bridge floating tank converter with common ground may
offer particular benefits over the prior art. Some of these
benefits include the following:

1. Incomparison to the circuit of A. Abbas, P. Lehn, “Power
electronic circuits for high voltage dc to dc converters,”
University of Toronto, Invention disclosure
RIS#10001913, 2009-03-31, or that of D. Jovcic, “Step-
up MW dc-dc converter for MW size applications,”
Institute of Engineering Technology, paper IET-2009-
407, the circuit of embodiments of the present invention
may operate using only one high voltage device, labeled
Sx, as shown in FIGS. 3a, 354, 3¢, and 3d. Furthermore
Sx may not need to be a reverse blocking device.

2. In comparison to the circuit of P. Lehn, “A low switch-
count resonant de/d converter circuit for high input-to-
output voltage conversion ratios,” University of Toronto,
Invention disclosure RIS#10001968, 2009-08-13, or the
half-bridge circuit of the present invention, the full-
bridge DC-DC converter of embodiments of the present
invention may provide roughly double power transfer
since energy may be transferred from the source into the
tank during both positive and negative half cycles of the
tank current.
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3. Embodiments of the present invention may provide zero
current/zero voltage switching of the input ac/dc con-
verter.

4. In embodiments of the present invention common
ground may be provided between the input voltage
source and output voltage source.

5. In embodiments of the present invention a single high
voltage switch may be operable to interrupt the resonant
operation of the converter, thereby controlling energy
transfer.

A skilled reader will recognize that numerous implemen-
tations of the technology of the present invention are possible.
The circuit designs of embodiments of the present invention
may present a modular structure and therefore components
may be added or removed, while providing the functionality
of the design, as described above. For example, particular
embodiments of the DC-DC converter of the present inven-
tion may be transformerless. In other embodiments of the
present invention it may be desirable to include a transformer
in the circuit, such as the circuit shown in FIG. 4. For
example, a transformer could be included between either the
resonant tank inductor or resonant tank capacitor and the
diode rectifier in the circuit shown in FIG. 4. Also, while use
of Sx is described for some embodiments of the present
invention, this component may be eliminated by, for example,
using emerging reverse block IGBT devices, where S1 and S2
would each need to consist of a high voltage reverse blocking
IGBT.

A skilled reader will recognize that in embodiments of the
present invention specific aspects of the topologies described
and shown herein may be modified, without departing from
the essence, essential elements and essential functions of the
topologies. For example, in the circuit design 42 shown in
FIG. 11(4), if Lf and C are in series with no midpoint, it may
be possible to swap Lf and C. Similarly, when used with a
transformer, any number of known output winding and recti-
fier configurations may be applied to achieve the same objec-
tive.

In one embodiment of the present invention the switching
elements, for example as shown in the FIG. 10(5) may employ
silicon carbide devices. Switching may be carried out to pro-
vide a square wave voltage switching between +V1 and -V1
to the tank circuit. The switching carried out to provide a
square wave voltage may be switching between +V1 and 0 (or
between 0 and -V1) to the tank circuit. Tank input voltage
switching may occur between +V1 and -V1 when operating
near rated power and between +V1 and O (or between 0 and
-V1) under low power. Alternatively, the elements recited in
this paragraph may be used in a topology where the inductor
Lfis moved to the output path (such as is shown in FIG. 104).

It will be appreciated by those skilled in the art that other
variations of the embodiments described herein may also be
practiced without departing from the scope of the invention.
Other modifications are therefore possible. A skilled reader
will recognize that there are numerous applications for the
DC-DC converter technology described. The DC-DC con-
verters of the present invention may provide an efficient, low
cost alternative to numerous components providing high
input-to-output voltage conversion. Moreover, DC-DC con-
verters with high amplification ratios that are embodiments of
the present invention may be used to create a fixed voltage DC
bus in renewable/alternative energy applications.

The invention claimed is:

1. A resonant de-dc converter, comprising:

(a) alow voltage full-bridge or half-bridge dc-ac converter

coupled to an input dc voltage at an input terminal of the
dc-dc converter;
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(b) a resonant tank coupled to the dc-ac converter;

(c) a high voltage ac-dc rectifier coupled to the resonant
tank, and having an output terminal of the dc-dc con-
verter; and

(d) a controllable switch within the resonant tank, said
controllable switch being controllable to periodically
alternate between a first state and a second state and to
periodically discontinue tank oscillation in the resonant
tank by causing the converter to enter a hold state while
the controllable switch is in the first state, and thereby
periodically suspending power transfer by the dc-dc
converter to control a rate of power transfer from the
input terminal to an output terminal;

wherein the hold state is caused by operating the control-
lable switch in a non-conducting state.

2. The resonant dc-dc converter of claim 1, wherein the

controllable switch only blocks current in one direction.

3. The resonant dc-dc converter of claim 2, wherein the
controllable switch has no reverse blocking characteristic.

4. The resonant dc-dc converter of claim 2, wherein a
lossless snubber circuit is introduced to the resonant de-de
converter by connecting a diode from either: (a) a drain of the
controllable switch that is a high voltage MOSFET; (b) a
collector of the controllable switch that is an IGBT; or (¢) an
anode of the controllable switch that is a thyristor; to an
output terminal of the resonant dc-dc converter.

5. The resonant dc-dc converter of claim 4, wherein the
lossless snubber circuit includes at least a diode connected
from a transistor terminal of the controllable switch to a
positive terminal of the output terminal of resonant dc-dc
converter, the diode permitting energy transfer from the tran-
sistor terminal to the positive terminal.

6. The resonant dc-dc converter of claim 2, wherein the
resonant dc-dc converter incorporates a transformer, said
transformer being operable to provide electrical isolation
between input and output.

7. The resonant dc-dc converter of claim 6, wherein an
output rectifier is connected to be operable to provide bi-polar
(positive, neutral and negative) dc output.

8. The resonant dc-dc converter of claim 1, wherein a
lossless snubber circuit is introduced to the resonant de-de
converter by connecting a diode of a terminal of the control-
lable switch to an output terminal of the resonant dc-dc con-
verter, so that one or more voltage spikes are clamped across
the controllable switch.

9. The resonant dc-dc converter of claim 1, wherein the
controllable switch is controllable in synchronism with the
low-voltage full-bridge or half-bridge dc-ac converter.

10. The resonant dc-dc converter of claim 9, wherein the
controllable switch is controllable so that one or more switch-
ing events of the controllable switch occur at a zero crossing
of current of the controllable switch.

11. The resonant de-dc converter of claim 9 wherein one or
more switching events of one or more dc-ac converter
switches occur at a zero crossing of currents of the respective
one or more dc-ac converter switches.

12. The resonant dc-dc converter of claim 9, wherein the
controllable switch is controllable so that one or more switch-
ing events of the controllable switch occur at a zero crossing
of voltage of the controllable switch.

13. The resonant dc-dc converter of claim 1, wherein dura-
tion of non-conduction of the controllable switch is variable
to regulate power flow from input to output.

14. The resonant dc-dc converter of claim 1 wherein the
controllable switch periodically discontinues tank oscillation
in the resonant tank by alternating between conducting and
non-conducting periods.
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15. The resonant dc-dc converter of claim 14 wherein the
durations of the conducting and the non-conducting periods
of'the controllable switch are variable to regulate power flow
from input to output.

16. A resonant de-dc converter comprising: (a) a low volt-
age dc-ac converter coupled to an input dc voltage; (b) a
resonant tank coupled to the dc-ac converter at an input ter-
minal of the de-dc converter; (c) a high voltage ac-dc con-
verter coupled to the resonant tank and having an output
terminal of the de-dc converter; and (d) a controllable switch
within the resonant tank circuit being controllable to periodi-
cally alternate between a first state and a second state and to
periodically discontinue tank oscillation in the resonant tank
by causing the converter to enter a hold state while the con-
trollable switch is in the first state, and thereby periodically
suspending power transfer by the dc-dc converter to control a
rate of power transfer from the input terminal to the output
terminal; wherein the resonant dc-dc converter for high volt-
age step-up ratio is operable to provide one or more of the
following: (i) a common ground plane for input and output;
and (ii) a transformer between input and output; wherein hold
state is caused by operating the controllable switch in a non-
conducting state.

17. A resonant de-dc converter comprising: (a) a low volt-
age dc-ac converter coupled to an input dc voltage at an input
terminal of the dc-dc converter; (b) a resonant tank coupled to
the dc-ac converter; (c) a high voltage ac-dc converter
coupled to the resonant tank and having an output terminal of
the de-dc converter; (d) a controllable switch within a circuit
of the resonant tank being controllable to periodically alter-
nate between a first state and a second state and to periodically
discontinue tank oscillation in the resonant tank by causing
the converter to enter a hold state while the controllable
switch is in the first state, and thereby periodically suspending
power transfer by the dc-dc converter to control a rate of
power transfer from the input terminal to the output terminal;
and (e) a common ground plane for an input and output that
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does not require use of a transformer; wherein the hold state
is caused by operating the controllable switch in a non-con-
ducting state.

18. A dc-dc converter with a transformer, wherein the dc-dc
converter with the transformer comprises: (a) a resonant tank;
(b) a switch, controllable with a circuit of the de-dc converter
with a transformer to periodically perform high voltage
blocking of resonance by maintaining a high voltage across
the switch, thereby periodically alternating between a first
state and a second state and periodically discontinuing tank
oscillation in the resonant tank by causing the dc-dc converter
to enter a hold state while the switch is in the first state, to
periodically suspend power transfer by the de-dc converter to
control a rate of power transfer from the input dc voltage to an
output dc voltage; (c) a converter on a low voltage side; and
(d) an output rectifier on a high voltage side; wherein the hold
state is caused by operating the switch in a non-conducting
state.

19. A resonant dc-dc converter, comprising:

(a) a low voltage full-bridge or half-bridge dc-ac converter

coupled to an input dec voltage;

(b) a resonant tank coupled to the dc-ac converter;

(¢) a transformer coupled to the resonant tank;

(d) an output rectifier coupled to the transformer to provide

bi-polar (positive, neutral and negative) dc output; and

(e) a controllable switch within the resonant tank, said

controllable switch being controllable to periodically
alternate between a first state and a second state and to
periodically discontinue tank oscillation in the resonant
tank by causing the dc-dc converter to enter a hold state
while the controllable switch is in the first state, periodi-
cally suspending power transfer by the de-dc converter
to control a rate of power transfer from the input dc
voltage to an output dc voltage; wherein the hold state is
caused by operating the controllable switch in a non-
conducting state.
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